c Clostridium difficile toxins A and B (TcdA and TcdB) are homologous glycosyltransferases that inhibit a group of small GTPases within host cells, but several mechanisms underlying their pathogenic activity remain unclear. In this study, we evaluated the effects of TcdA on the Wnt/␤-catenin pathway, the major driving force behind the proliferation of epithelial cells in colonic crypts. IEC-6 and RKO cells stimulated with Wnt3a-conditioned medium were incubated with 10, 50, and 100 ng/ml of TcdA for 24 h, resulting in a dose-dependent inhibition of the Wnt signaling, as demonstrated by a T-cell factor (TCF) reporter assay. This was further confirmed by immunofluorescence staining for nuclear localization of ␤-catenin and Western blotting for ␤-catenin and c-Myc (encoded by a Wnt target gene). Moreover, our Western blot analysis showed a decrease in the ␤-catenin protein levels, which was reversed by z-VAD-fmk, a pan-caspase inhibitor. Nonetheless, TcdA was still able to inhibit the Wnt/␤-catenin pathway even in the presence of z-VAD-fmk, lithium chloride (a GSK3␤ inhibitor), or constitutively active ␤-catenin, as determined by a TCF reporter assay. Furthermore, preincubation of RKO cells with TcdA for 12 h also attenuated Wnt3a-mediated activation of Wnt signaling, suggesting that inactivation of Rho GTPases plays a significant role in that inhibition. Taken together, these findings suggest that attenuation of the Wnt signaling by TcdA is important for TcdA antiproliferative effects.
T oxins A and B (TcdA and TcdB) are the main virulence factors of the Gram-positive bacillus Clostridium difficile (1) . Both TcdA and TcdB bind (2) and enter the cells through receptormediated endocytosis (3), translocate, and then cleave their catalytic domain into the cytosol, which permanently inactivates the Rho GTPases (Rho, Rac1, and Cdc42) by glycosylation at Thr-35/ Thr-37 (4) . Inhibition of those critical signaling molecules eventually leads to actin cytoskeleton disruption, intestinal epithelial cell damage, and apoptosis by caspase activation (5) (6) (7) (8) (9) .
TcdA and TcdB exert important antiproliferative effects in vitro as well (10) (11) (12) . In part, this is due to actin reorganization and consequent inhibition of contractile ring formation in cytokinesis triggered by Rho glycosylation, leading to binucleation and cell cycle arrest at the G 2 -M level (11, (13) (14) (15) (16) . TcdA and TcdB also block the G 1 -S transition (10, 12) . Concomitant inhibition of Rho, Rac, and Cdc42 by TcdA leads to the blockage of cyclin D1 expression, preventing cell cycle progression through the G 1 phase (12) . TcdA and TcdB alter the expression of genes involved in cell cycle regulation, including several cyclins and cyclin-dependent kinases (CDKs), as determined by microarray analysis. Importantly, G 1 arrest occurs even at low toxin doses, while only higher toxin concentrations (100 ng/ml of TcdA or 10 ng/ml of TcdB) stop cell division at the G 2 -M phase (10) . Those results demonstrated that the C. difficile toxins promote cell cycle arrest at the G 1 phase by blocking the expression of cyclin D1 and its binding to CDK4 and CDK6, which is a rate-limiting event during progression through G 1 phase. They did not, however, fully explain the upstream components causing this. The transcriptional control of the cyclin D1 gene is extremely complex and is influenced by several mechanisms, including the Ras-Raf-MEK-extracellular signal-regulated kinase (ERK), the phosphatidylinositol 3 kinase (PI3K)/Akt/ mTOR, and the Wnt/␤-catenin pathways (17, 18) . Here, we focus on the effect of TcdA on the Wnt/␤-catenin pathway.
The Wnt/␤-catenin pathway is a conserved molecular system that plays a major role in development and homeostatic tissue self-renewal. As such, it is the primary driving force behind the proliferation of human intestine cells (19) . In the absence of a Wnt signal, ␤-catenin is targeted for proteasomal degradation through sequential phosphorylations occurring at its N terminus (20) . A degradation complex consists of the tumor suppressors axin and adenomatous polyposis coli (APC) as well as the constitutively active kinases glycogen synthase kinase 3␤ (GSK3␤) and casein kinase I (20) (21) (22) . This complex regulates the ␤-catenin phosphorylation status in a cell (22) (23) (24) . Otherwise, when Wnt ligands bind their Frizzled and low-density lipoprotein receptor-related protein (LRP) receptors, the destruction complex is inactivated in a manner that is not fully understood (25) . As a result, ␤-catenin is no longer phosphorylated, accumulates in the cell, and is transported to the nucleus (26) , resulting in its binding to transcription factors of the T-cell factor/lymphocyte enhancer factor (TCF/ LEF) family. TCF/LEF-␤-catenin constitutes an active transcrip-tional complex that activates target genes (e.g., the genes for cyclin D1, c-MYC, and survivin). In the absence of a Wnt signal, transcriptional repressors, such as Groucho, bind TCF/LEF and block gene expression (19, 23) .
TcdA and TcdB likely interfere with Wnt/␤-catenin signaling. A recent study claimed that Wnt-induced ␤-catenin stabilization is not enough for its nuclear accumulation. Wnt activation of the Rac1 GTPase, which is inhibited by both TcdA and TcdB, is also required (26) . Moreover, TcdA and TcdB induce the activation of the caspases' cascade (6, 9, 15) , an alternate mechanism by which ␤-catenin could be degraded (27) . The toxins release NF-B (28, 29) , an inactivator of ␤-catenin, thereby inhibiting the transcription of the Wnt target genes (30, 31) . Taken together, these data suggest that the inhibition of Wnt/␤-catenin signaling by TcdA and/or TcdB not only is highly possible but also may contribute to the antiproliferative effects of the toxins.
We therefore investigated whether TcdA interferes with the Wnt/␤-catenin pathway in vitro in order to elucidate the mechanisms of proapoptotic and antiproliferative effects induced by this toxin.
MATERIALS AND METHODS
Toxins, chemicals, and reagents. All cell culture reagents were purchased from Invitrogen (Carlsbad, CA). Purified TcdA and lithium chloride (LiCl) were purchased from Sigma (St. Louis, MO). Carbobenzoxy-valylalanyl-aspartyl-[O-methyl]-fluoromethylketone (z-VAD-fmk) was obtained from Promega Corporation (Madison, WI). All solvents and reagents used in this study were of analytical grade.
Expression plasmids. We used expression plasmids encoding ␤-catenin (CSIIϩ␤-catenin), mutated ␤-catenin S33A (CSIIϩ␤-catenin S33A), which is resistant to GSK3␤ phosphorylation, and Lef1-DeltaN VP16 (cDNA3-Lef1-⌬N VP16), which strongly activates the Topflash reporter independently of Tcf/Lef activation by ␤-catenin. These plasmids were previously described (32) (33) (34) and kindly provided by Xi He (Boston Children's Hospital/Harvard Medical School, Boston, MA). The transfection was performed in RKO cells using Lipofectamine (Invitrogen) according to the manufacturer's instructions.
Cell culture. We acquired IEC-6 cells from the American Type Culture Collection. RKO (human colorectal cancer) cells stably cotransfected with pRL-TK (Renilla) and TOPflash were previously described (35) and kindly provided by Xi He (Children's Hospital/Harvard Medical School). They were both maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 120 g of penicillin/ml, and 200 g of streptomycin/ml in 5% CO 2 . All cell lines were used between passages 10 and 20.
CM preparation. To produce Wnt3a-conditioned medium (CM), L cells stably transfected with the Wnt3a gene were cultured in DMEM with 10% FBS for 4 days. The medium was then harvested and sterilized using a 0.22-mm filter. Thereafter, fresh medium was added and the cells were cultured for an additional 3 days. When the medium was collected again, it was combined with the previous medium at a 1:1 ratio. As a control, CM was similarly generated from the untransfected parental cell line.
Transfection and TCF reporter assay. Gene reporter plasmids were transfected into IEC-6 cells using Lipofectamine (Invitrogen) according to the manufacturer's instructions. After transfection, we added CM with or without TcdA to the cells for approximately 24 h and then determined the luciferase activity. Changes in ␤-catenin/TCF-activated gene expression were measured using the TOPflash and the FOPflash (mutant TOPflash) plasmids obtained from Millipore (Billerica, MA). TOPflash is a TCF reporter plasmid containing two sets of three copies of wild-type TCF binding sites driven by the thymidine kinase minimal promoter and upstream of a luciferase reporter gene. FOPflash contains mutated TCF binding sites driven by the same thymidine kinase promoter and also upstream of the same luciferase open reading frame as TOPflash. FOPflash is used as a negative control for TOPflash activity (35, 36) .
IEC-6 cells were cotransfected with the pRL-TK vector (Promega Corporation, Madison, WI), which contains the Renilla gene under the control of the constitutive active herpes simplex virus thymidine kinase promoter and which was used to normalize between different experimental sets (35, 36) . Luciferase and Renilla were quantified using a dual-luciferase reporter system (Promega), followed by measurement of the luminescence signal with a Turner microplate luminometer (Promega).
Immunofluorescence staining and confocal microscopy. Immunostaining was performed as described previously (37, 38) . Briefly, IEC-6 cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) of pH 7.6, washed with PBS, and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Samples were then blocked for 1 h with PBS containing 5% bovine serum albumin. A rabbit anti-␤-catenin (1:200) primary antibody was incubated for 1 h at room temperature. Specific secondary antibodies conjugated with Alexa Fluor 488 (1:10,000) were incubated for 1 h at room temperature. After PBS washes, slides were mounted with VECTASHIELD mounting medium with 4=,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA) and observed in a Nikon TE 2000 inverted microscope (Melville, NY). Images were captured using a CoolSNAP-Pro (Media Cybernetics, Bethesda, MD) digital camera. We quantified the total number of cells in each random field by manually counting all the DAPI-stained nuclei. Thereafter, we calculated the percentage of cells in each random field stained for ␤-catenin in the nucleus, in the cytoplasm, or in both. Moreover, we determined the percentage of apoptotic cells by manually counting the pyknotic nuclei of DAPI-stained cells and dividing this number by the total amount of DAPI-stained nuclei in each random field.
Western blot analysis. Lysate samples from IEC-6 treated cells were harvested in a sample buffer (0.02 mmol/liter of dithiothreitol, 1.38 mmol/liter of sodium dodecyl sulfate, 125 mmol/liter of Tris-HCl of pH 6.8, and 20% glycerol) as described previously (39) . Protein quantification was performed using the Bradford assay, and 30 g of the total lysate was separated by 4 to 12% gradient dodecyl sulfate-polyacrylamide (SDS-PAGE) gel (Invitrogen) electrophoresis. Afterwards, cell lysate samples were electroblotted and transferred to a polyvinylidene fluoride membrane (HybondTM-P; Amersham Biosciences, São Paulo, SP, Brazil). Thereafter, membranes were preblocked with 5% nonfat dry milk in Trisbuffered saline with 0.001% Tween 20 for 1 h and incubated overnight with anti-␤-catenin (Sigma), anti-c-myc (Sigma), anti-cleaved-caspase-3 (Santa Cruz Biotechnology), or anti-␣-tubulin (Sigma) primary antibodies previously diluted in the same preblocking solution. After being washed, the membranes were probed with horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG (Sigma) secondary antibodies. The reaction was visualized using the ECL system (Santa Cruz Biotechnology). Western blot signals were scanned, and the images were analyzed and quantified using the software ImageJ 1.45 (http://imagej.nih.gov/ij/), a public domain Java imaging processing program.
Statistical analysis. Data are represented as means Ϯ standard errors of the means (SEM) and were analyzed by one-way analysis of variance (ANOVA) with Bonferroni's post hoc test (GraphPad Software, San Diego, CA). At least three replicates were performed for each experiment. Significance was accepted at a P value of Ͻ0.05.
RESULTS
TcdA attenuates Wnt signaling in cultured intestinal epithelial cell lines. Expression of several Wnt genes, including the Wnt1 and Wnt3a genes, stabilizes ␤-catenin in mammalian cells (23) . We established reproducible cell culture models in which we could investigate the effects of TcdA on the Wnt/␤-catenin pathway. Incubation with TcdA resulted in a dose-dependent decrease of the ␤-catenin transcriptional regulatory response (as demonstrated by the TOPflash/FOPflash ratio) induced by Wnt3a CM (Fig. 1A) . To confirm that this response was not restricted to the IEC-6 cell lineage, we also stimulated RKO cells, a human colon adenocarcinoma cell line, stably cotransfected with TOPflash and Renilla plasmids. A similar concentration-dependent attenuation of the ␤-catenin/TCF-regulated transcription was also observed in the RKO cells (Fig. 1B) . To obtain further support for these results, we reduced the amount of time RKO cells were incubated with TcdA (50 ng/ml) to 6 or 12 h and maintained a 24-h group for comparison (Fig. 1C) . Nevertheless, we saw a statistically significant inhibition of the ␤-catenin transcriptional regulatory response at 6 h (P ϭ 0.0110) and 12 h (P ϭ 0.0023), which was comparable to that in the 24-h group (P ϭ 0.0062).
In addition, we pretreated RKO cells with Wnt3a for 12 h and then incubated them with TcdA for 6, 12, or 24 h (Fig. 1D) . We performed this protocol to assess whether preactivation of the Wnt/␤-catenin pathway by Wnt3a CM would interfere with its further inhibition by TcdA. Even so, TcdA was able to inhibit Wnt signaling in the groups incubated for 12 and 24 h. However, there was no statistically significant difference for the group incubated for 6 h.
TcdA affects ␤-catenin protein levels and prevents the c-MYC expression induced by Wnt3a. We next examined the effect of TcdA on Wnt3a-induced stabilization of ␤-catenin in IEC-6 cells. This stabilization is key in the activation of the downstream components of the Wnt pathway (23) . Thus, we performed Western blotting of total protein extracts from IEC-6 cells to assess the cellular levels of ␤-catenin in response to Wnt3a CM with different concentrations of TcdA. ␤-Catenin protein levels decreased in response to increasing doses of TcdA ( Fig. 2A) . Furthermore, we evaluated the levels of the protein c-MYC in the same samples. c-myc is a direct target gene of the ␤-catenin/Tcf-Lef complex, and it encodes a transcription factor that has major roles in cell cycle progression and apoptosis. Therefore, c-myc upregulation occurs when ␤-catenin is hyperactivated (40) . As expected, our pretreatment of IEC-6 cells with Wnt3a CM for 24 h significantly raised c-MYC protein levels compared to those obtained with the control, untransfected L cell CM. Still, in the groups exposed to TcdA along with Wnt3a CM, the levels of c-MYC were decreased in a concentration-dependent manner (Fig. 2B) . Altogether, these data not only support the previous results obtained from the TOPflash luciferase reporter assay but also give rise to the hypothesis that TcdA might inhibit Wnt signaling by promoting ␤-catenin degradation.
TcdA impairs the ␤-catenin nuclear accumulation induced by Wnt3a. One crucial step in the canonical Wnt pathway is the accumulation of ␤-catenin in the nucleus, where it can then regulate gene expression by activating Tcf/Lef transcription. Confocal microscopy of our immunofluorescence staining of IEC-6 cells revealed ␤-catenin accumulation in most of the nuclei after treatment with Wnt3a CM (Fig. 3A and B) . However, when the cells were treated with TcdA, the intensity of nuclear ␤-catenin was dramatically reduced, as determined by indirect immunofluorescence (Fig. 3A) . A subset of the cells showed a more significant reduction in nuclear ␤-catenin while still retaining the cytoplasmic staining of ␤-catenin (Fig. 3B) . Importantly, the inhibition of ␤-catenin nuclear translocation by TcdA is consistent with the TOPflash luciferase reporter assay data.
Pan-caspase inhibitor z-VAD-fmk prevents ␤-catenin degradation but fails to reverse ␤-catenin/TCF transcription inactivation by TcdA. ␤-Catenin is vulnerable to caspase-dependent degradation (31), so we hypothesized that the loss of ␤-catenin protein following treatment with TcdA is a consequence of caspase activation. To assess this, we used z-VAD-fmk, which has successfully reduced activation of the caspases' cascade by TcdA in previous studies (6, 9, 15) . As expected, pretreatment with z-VAD-fmk prevented the cleavage of caspase-3 by TcdA treatment of IEC-6 cells (Fig. 4A) . Analysis of at least three independent experiments in IEC-6 cells pretreated with z-VAD-fmk showed a statistically significant protective effect of caspase inhibition on downregulation of ␤-catenin protein by TcdA (Fig. 4B) . In addition, the pretreatment inhibited morphological signs of apoptosis, including nuclear pyknosis (Fig. 4C) . Thereafter, we evaluated if the prevention of ␤-catenin degradation by z-VADfmk would reverse the inhibition of the Wnt pathway induced by TcdA (Fig. 4D) . However, even in the presence of z-VAD-fmk, TcdA still demonstrated a concentration-dependent inhibition of the Wnt/␤-catenin pathway in IEC-6 cells in the TCF reporter assay. This suggests that the inhibition of the Wnt/␤-catenin pathway by TcdA is not secondary to caspase-dependent ␤-catenin degradation.
TcdA attenuates Wnt signaling independently of ␤-catenin destruction complex activity. The intracellular concentration of ␤-catenin is primarily controlled by APC-GSK3␤-dependent phosphorylation, a key event in targeting the ␤-catenin protein for ubiquitination and proteasomal degradation. Therefore, to investigate the mechanism by which TcdA inhibits Wnt signaling, we assessed the role of the ␤-catenin APC-GSK3␤ destruction complex.
Initially, we used LiCl, which mimics members of the Wnt family of signaling proteins by inhibiting the activity of GSK3␤, causing intracellular accumulation of ␤-catenin (41) . RKO cells were incubated with LiCl and TcdA either with or without Wnt3a CM. We assessed the ␤-catenin transcriptional regulatory response using a TCF reporter assay (Fig. 5) . Incubation with TcdA still attenuated the LiCl activation of the Wnt pathway, even in the presence of Wnt3a CM. This suggests that TcdA blocks Wnt sig- naling by a mechanism independent of the APC-GSK3␤ destruction complex. Nonetheless, LiCl has intracellular targets other than GSK3␤ that could potentially have interfered with this result.
Hence, we tried a different approach to stimulate the Wnt/␤-catenin pathway by transfecting RKO cells with plasmids encoding constitutively active ␤-catenin, either wild type (p␤catenin) or resistant to GSK3␤ phosphorylation (p␤catenin-S33A). We also used a plasmid encoding LEF-DeltaN-VP16-pcDNA3, which binds to DNA and directly activates ␤-catenin-mediated gene expression without the need for ␤-catenin. Thereafter, we assessed ␤-catenin transcriptional regulatory activity by the TCF reporter assay (Fig. 6) . TcdA was able to attenuate Wnt signaling even in the presence of p␤catenin-S33A, confirming that this inhibition occurs independently of the APC-GSK3␤ destruction complex (Fig. 6) . Moreover, TcdA was unable to inhibit the TCF response transcription induced by Lef-DeltaN-VP16.
Preincubation with TcdA impairs Wnt signaling activation by Wnt3a. In order to minimize the effects of TcdA on cell viability, we preincubated RKO cells with TcdA and then washed them twice. This preincubation prevented the ␤-catenin/TCF-mediated transcription induced by different concentrations of Wnt3a CM (Fig. 7) . This result strongly suggests that the inhibition of the Wnt signaling by TcdA depends on the inhibition of the Rho GTPases (Rho, Rac1, and Cdc42).
DISCUSSION
In this study, we showed that TcdA inhibits Wnt/␤-catenin signaling in a dose-dependent manner in cultured intestinal epithelial cells. This result was consistently demonstrated by three different techniques: TCF reporter assay, immunofluorescence staining for ␤-catenin, and Western blotting for c-MYC (encoded by a target gene).
The activated Wnt pathway is crucial for the maintenance of the rapid turnover of the intestinal epithelium (19) . The inhibition of this pathway by TcdA is therefore consistent with previous reports that it exerts antiproliferative effects in vitro, inducing cell cycle arrest and downregulation of cyclin D1 (encoded by a target gene for Tcf/Lef) (10, 12) . Unfortunately, the significance of these antiproliferative effects induced by TcdA and TcdB for the pathogenesis of C. difficile-associated diarrhea (CDAD) is currently not fully understood. However, the inhibition of the intestinal epithelial renewal by TcdB may be linked to the development of diarrhea (11) . Since the layer of cells covering the human intestine is completely renewed every 3 to 4 days, one may speculate that the impairment of this cellular renewal would compromise the intestinal epithelial barrier, contributing to the appearance of diarrhea in the patients afflicted by this infection (10, 11, 42) . In a similar fashion, this mechanism is well established in cancer chemotherapy, as diarrhea represents a frequent side effect of many anticancer drugs (which also suppress proliferation) (43) .
The modulation of the Wnt/␤-catenin pathway is not restricted to TcdA, since it occurs with toxins from other bacteria, thus significantly contributing to their pathogenesis. For example, Salmonella-epithelial cell interactions promote activation of the proinflammatory NF-B signaling pathway, which is associated with degradation of ␤-catenin and upregulation of proinflammatory cytokines (interleukin 6 [IL-6], IL-8, and tumor necrosis factor alpha [TNF-␣]) in infected mice (30) . Importantly, this interaction between the NF-B and Wnt pathways may be strikingly relevant for C. difficile as well, since inflammation plays a central role in the pathogenesis of CDAD. Additionally, Bacillus anthracis edema toxin inhibits the Wnt/␤-catenin pathway by protein kinase A induction. This reduces the levels of phosphorylated GSK3␤, allowing it to phosphorylate, and thereby inactivate, ␤-catenin and preventing it from binding to the Tcf/Lef transcription factor (44) .
Our results indicate that TcdA decreased the levels of ␤-catenin protein by a mechanism involving the activation of caspases because z-VAD-fmk, a pan-caspase inhibitor, successfully prevented TcdA-induced ␤-catenin degradation. Notably, in previous studies z-VAD-fmk demonstrated some degree of proteasome inhibition, which could also be implicated in its effect of reversing ␤-catenin protein downregulation (45) . Nevertheless, diminished intracellular ␤-catenin protein levels did not appear to be the main mechanism by which TcdA attenuates the Wnt signaling, since it occurred even in the presence ␤-catenin upregulation either by z-VAD-fmk-mediated caspase inactivation or by transfection of constitutively active ␤-catenin plasmids. Altogether, these data indicate that inhibition of the Wnt/␤-catenin pathway by TcdA is only partially a consequence of the ␤-catenin downregulation induced by caspases during apoptosis. Caspases may cleave ␤-catenin to dismantle cell contacts during apoptosis, while there might be other mechanisms induced by TcdA that prevent ␤-catenin translocation to the nucleus and thereby inhibit transcription of Tcf/Lef regulated genes.
In addition, the ␤-catenin destruction complex did not appear to have a significant role in the TcdA-induced Wnt signaling inhibition. LiCl (a GSK3␤ inhibitor) and transfection of mutated GSK3␤-resistant ␤-catenin (S33A) plasmid were both unable to abrogate the inhibitory effects of TcdA on RKO cells. In contrast, expression of the Lef-DeltaN-VP16 fusion protein strongly enhanced ␤-catenin/TCF transcription, and this was not reverted by TcdA. This protein lacks the ␤-catenin binding domain and constitutively activates transcription from Tcf/Lef-binding elements (32) . This finding suggests that the inhibition of RhoGTPases by TcdA may also play a major role in this inhibition, besides its 
FIG 6
TcdA inhibits Wnt/␤-catenin signaling induced by transfection of constitutively active ␤-catenin constructs, as determined by a TCF reporter assay in RKO cells stably cotransfected with TOPflash and Renilla and incubated with TcdA (50 ng/dl) for 24 h under various conditions. Plasmids included p␤catenin (wild type ␤-catenin), p␤catenin (S33A) (mutated ␤-catenin at S33A, resistant to GSK3␤ phosphorylation), and LEF-DeltaN-VP16 (constitutively active Lef1 that directly activates ␤-catenin-mediated gene expression). Values are expressed as means Ϯ SEM (n ϭ 3). *, P Ͻ 0.05. effects on cell viability, which confirms that the effects of TcdA are upstream of Tcf/Lef transcription.
One might speculate that there are other possible mechanisms contributing to the inhibition of the Wnt/␤-catenin pathway by TcdA. Inhibition of Rac1 expression, by either small interfering RNA (siRNA) or dominant negative Rac1, in ST2 cells impairs nuclear translocation of ␤-catenin induced by Wnt3a CM; thus, no activation of Tcf/Lef target genes could occur (26) . Therefore, since Rac1 is critical for ␤-catenin translocation to the nucleus, its permanent glycosylation and inactivation by TcdA could be a hypothesis to explain our results.
In conclusion, our study demonstrated for the first time that TcdA inhibits Wnt/␤-catenin signaling in cultured intestinal epithelial cells, affects ␤-catenin protein levels, and prevents c-MYC expression induced by Wnt3a independently of GSK3␤ inhibition. Although z-VAD-fmk prevents ␤-catenin degradation, it fails to reverse TcdA-induced Wnt/␤-catenin pathway inhibition. The role of TcdA inhibitory effects on Wnt/␤-catenin signaling in the pathogenesis of the C. difficile-induced disease may provide novel insight into improving therapies.
